Introduction
Diagnostics of suspected lymphoproliferations is mainly based on histomorphology or cytomorphology, supplemented with immunohistology and flowcytometric immunophenotyping. However, difficulties in making the final diagnosis occur in B5-15% of cases. Especially in suspected T-cell proliferations discrimination between a malignant and a reactive T-cell population can be complicated, despite extensive immunophenotyping. Therefore, molecular analysis of T-cell receptor (TCR) genes is widely used to support the final diagnosis in such complicated cases. Based on the fact that T-cell malignancies are derived from a single malignantly transformed cell, all cells in principle have a common clonal origin and show clonally (identically) rearranged TCR genes. The finding of clonal TCR gene rearrangements therefore supports the diagnosis of a malignant T-cell proliferation, whereas in reactive lymphoproliferations the TCR genes are polyclonally rearranged. In addition to clonality assessment, TCR gene rearrangement studies are also used to evaluate the clonal relationship between two lymphoid malignancies in one patient and for staging of the disease.
The well-defined and fully standardized set of oligonucleotide primers and polymerase chain reaction (PCR) protocols of the BIOMED-2 Concerted Action BMH4-CT98-3936 has recently been introduced as a reliable strategy for clonality diagnostics. 1 The BIOMED-2 primers and protocols for multiplex PCR analysis of immunoglobulin (Ig) and TCR gene rearrangements, have now been further validated in large series of well-defined clinical samples, underlining the diagnostic specificity and applicability. [2] [3] [4] [5] [6] In addition, we recently demonstrated that the BIOMED-2 multiplex PCR approach can reliably replace 'gold standard' Southern blot (SB) analysis in routine clonality diagnostics of lymphoproliferative disorders. 7 Because of the worldwide introduction of the BIOMED-2 primers and PCR protocols in routine clonality diagnostics, easily accessible positive controls for quality performance testing are required.
Quality and performance of molecular Ig/TCR clonality assays are assessed with control samples that are analyzed in parallel with the suspected patient samples. Both validated human leukemia/lymphoma cell lines and patient specimens can be used as positive controls. Cell lines are preferred, because they allow the usage of the same control material in unlimited amounts in all diagnostic laboratories. 8 To facilitate this process, we studied the TCR beta (TCRB), TCR gamma (TCRG) and TCR delta (TCRD) gene rearrangement pattern of a large series of 30 well-defined human T-cell lines to be used as controls for the BIOMED-2 multiplex PCR tubes.
Materials and methods

T-cell lines
Thirty human T-cell lines were cultured in Rosewell Park Memorial Institute (RPMI)-1640 medium supplemented with 10% fetal calf serum and antibiotics. All cell lines were free of mycoplasma contamination, as tested by indirect Hoechst 33258 DNA staining. 9 Immunophenotypical data of these cell lines were collected from the Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ; www.dsmz.de) GmbH (Braunschweig, Germany) supplemented with our own results ( Table 1 ). 
DNA isolation
High-molecular weight DNA was isolated from the cell lines, using a phenol-chloroform extraction-based protocol, followed by ethanol precipitation and resolution in Tris ethylenediaminetetraacetic acid buffer. Alternatively, DNA was isolated using the GenElute Mammalian Genomic DNA miniprep kit (SigmaAldrich, St Louis, MO, USA) according to the manufacturer's protocol.
SB analysis
DNA (20 mg) was digested with the appropriate restriction enzymes, size fractionated in 0.7% agarose gels and transferred to nylon filters as described before. 14 The TCR gene rearrangements were detected using 32 P random oligonucleotide labeled probes. TCRB rearrangements were analyzed by use of the Db1upstream (TCRBD1U), Db1 (TCRBD1), Jb1 (TCRBJ1), Db2 upstream (TCRBD2U), Db2 (TCRBD2), Jb2 (TCRBJ2) and Cb (TCRBC) probes in BglII, EcoRI and HindIII digests. 15 TCRG rearrangements were analyzed by use of the Jg (TCRGJ1.3) (cross-hybridization with Jg2.3), TCRGJ2.1 (cross hybridization with Jg1 region) and Cg probes in BglII and EcoRI digests. 16 TCRD rearrangements were analyzed by use of the Jd1 (TCRDJ1), Jd2 (TCRDJ2), Jd3 (TCRDJ3) and Cd (TCRDC4) probes in BglII, EcoRI and HindIII digests. TCRD deletions were analyzed using the dREC (TCRDRE) and pseudo Ja (TCRAPJ) probes in BglII, EcoRI and HindIII digests. 17 All probes were obtained from DakoCytomation A/S (Carpinteria, CA, USA).
PCR amplification
Amplification reactions were performed in an automated thermocycler (model ABI 9600/2700; Applied Biosystems (Foster City, CA, USA)) according to the BIOMED-2 multiplex PCR protocol.
1 All BIOMED-2 multiplex PCR kits were obtained from InVivoScribe Technologies (San Diego, CA, USA) (www.invivoscribe.com). After PCR amplification of TCRB, TCRG and TCRD gene rearrangements, products were subjected to heteroduplex analysis and/or GeneScan analysis for confirmation of the monoclonal character of the TCR gene rearrangements. 1, 18 Sequence analysis of TCR gene rearrangements PCR products were in principle directly sequenced except for cell lines with more than one clonal PCR product. In such cases homoduplexes were excised from the polyacrylamide gel and eluted as described before. 19 The eluted PCR products were directly sequenced. Sequencing was performed using the BigDye Terminator Cycle Sequencing Ready Reaction Kit Table 1 Immunophenotype of 30 human T-cell lines
Cell line T-cell malignancy of origin
TCRab+ T-ALL
TCRbd+ T-ALL
TCRgd+ T-ALL
Abbreviations: ALCL, anaplastic large cell lymphoma; ATLL, adult T-cell lymphoma leukemia; CTCL, cutaneous T-cell lymphoma; MF, mycosis fungoides; SS, Sé zary syndrome; T-ALL, T-cell acute lymphoblastic leukemia; ND, not done. Tint is used to emphasize the expression pattern of the tested leukocyte markers. 
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(Applied Biosystems) either on the ABI377 fluorescent sequencer (Applied Biosystems), as previously described 20 or on an ABI 3100 Genetic Analyzer. Sequence reactions were carried out in both directions using the same mixture of multiple V, D or J primers as used in the multiplex PCR reaction for which the sample was positive. Vb, Db, Jb, Vg, Jg, Vd, Dd and Jd gene segments as well as reading frames of the involved TCRB, TCRG and TCRD gene rearrangements were identified by comparison to published sequences, using the ImMunoGeneTics database. 21 In case of TCRB rearrangements Vb gene designation was carried out according to Rowen et al. 22 
Results
Human T-cell lines and their TCR gene rearrangement patterns Table 2 summarizes the rearrangement patterns of the TCRB, TCRG and TCRD genes, as assessed by the BIOMED-2 multiplex PCR primers and protocols. For all multiplex combinations at least one positive cell line control was identified. In 29 cell lines clonal TCRB and TCRG gene rearrangements could be detected, which is in line with their T-cell origin. In seven out of these cell lines clonal TCRD gene rearrangements were found as well. No clonally rearranged TCR genes could be detected in cell line DEL.
The TCRB gene rearrangements found in the cell lines covered 18 out of 23 Vb primers, (not V b4 , V b11 , V b19 , V b21 , and V b22 ) both Db primers and ten out of 13 Jb primers (not Jb1.4, Jb2.4 and Jb2.6). In case of TCRG gene rearrangements for each individual Vg and Jg primer a positive cell line control is available. Clonally rearranged TCRD genes of the total cell line panel covered two out of six Vd primers, one out of two Dd primers and two out of four Jd primers.
The following cell lines, which cover the most frequently used gene segments can be used as positive controls for the multiplex combinations: RPMI 8402, JURKAT (TCRB tube A), MOLT 3/4, Peer/Be13 (TCRB tube B), HUT 78/H9, JURKAT (TCRB tube C), MOLT 13, RPMI 8402 (TCRG tube A), P12-Ichikawa, JURKAT (TCRG tube B), Loucy and MOLT 13 (TCRD).
Detailed configuration of TCRB genes
The TCRB gene configuration of all cell lines is summarized in Table 3 . Known translocations involving the TCRB locus are indicated in the footnotes of the table. PCR analysis was performed on all cell lines, whereas SB data were obtained in 28 cell lines. Biallelic complete (Vb-Jb) and/or incomplete (Db-Jb) gene rearrangements were found by multiplex PCR and SB analysis in 20 cell lines. In addition, complete Vb-Jb gene rearrangements were found in cell line KE-37, in which no SB analysis was performed.
In seven cell lines the TCRB gene rearrangements on the second allele as detected by SB analysis, could not be identified by multiplex TCRB PCR analysis. In cell lines H-SB2, SUP-T1 and SUP-T3 this fits with the presence of a TCRB gene translocation involving the genes LCK, NOTCH1 and TAL2, respectively. 13, 23, 24 Split signal FISH using TCRB probes was Identical TCR gene rearrangements were detected in these cell lines which is in line with the findings of DSMZ investigators, who demonstrated by DNA fingerprinting that SKW-3 is a derivative of KE-37 and that Be13 is derived from cell line Peer; see discussion. 
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Abbreviations: G, germline configuration; ND, not done PCR, polymerase chain reaction; R, rearranged allele; SB, Southern blot. Identical TCRB gene rearrangements were detected in these cell lines which is in line with the findings of DSMZ investigators, who demonstrated by DNA fingerprinting that SKW-3 is a derivative of KE-37 and Be13 is derived from cell line Peer. e t(7;9)(q34;q34.3).
13 f t(7;9)(q34;q32).
g
In addition clonal Vb1-Db2 and Jb1.5-Db-Jb2.1 gene rearrangements were detected as previously described. 
performed in cell lines Karpas 45 and TALL-104 and did not demonstrate chromosomal aberrations (Cauwelier et al. 25 and MacLeod, personal communication). The TCRB gene rearrangement on the second allele was identified by reverse transcriptase PCR analysis in these cell lines. Thereafter, these gene rearrangements were confirmed by singleplex PCR analysis using BIOMED-2 primers, suggesting competition for the second allele in the multiplex PCR. In cell line DU.528 a second rearrangement between Db1 and Db2 was identified by ligation-mediated (LM) PCR using protocols as described. 26 Logically, this specific TCRB recombination will not be detected by the BIOMED-2 primers. Previously, MT-1 was demonstrated to contain a non-functional recombination between Jb2.3 and a suggested Vb-like sequence, 27 which can not be detected by the Vb primers used in the current study.
PCR and SB analysis of TCR genes demonstrated a biallelic germline configuration of the TCRB locus in cell line DEL, whereas cell line SU-DHL-1 contained a monoallelic clonal TCRB gene rearrangement with a germline TCRB configuration on the second allele. 
Detailed configuration of TCRG genes
Detailed configuration of TCRD genes
The TCRD gene configuration of all cell lines is summarized in Table 5 . Known translocations involving the TCRD locus are indicated in the footnotes of Table 5 . All 30 cell lines were studied by multiplex PCR analysis, whereas SB analysis was performed in 28 cell lines; cell lines DEL and KE-37 were studied by multiplex PCR analysis only and no clonal TCRD gene rearrangements were detected. Biallelic deletions of the TCRD gene were found in 19 T-cell lines by SB analysis; no monoclonal TCRD gene rearrangements were found by BIOMED-2 multiplex PCR analysis in 18 out of these cell lines. However, in KT-1 sequence analysis of the clonal band revealed a V d4(Va14)-Ja45 gene rearrangement, which is due to cross annealing of the Dd2 primer in a reverse manner with the Ja45 gene segment.
In five cell lines monoallelic clonal TCRD gene rearrangements were found by both SB and PCR analysis (Table 5) . SB analysis demonstrated biallelic clonally rearranged TCRD genes in cell lines Loucy and MOLT 13, whereas this could be confirmed by PCR analysis only in cell line Loucy (Table 5 ). In cell line MOLT 13, a monoallelic TCRD gene rearrangement was detected by PCR analysis. A second rearrangement between Jd1 and a sequence located B11 kb downstream of the TCRD deleting element dREC and B25 kb upstream of Vd2 was identified by LM PCR analysis. Of note, 20 nucleotides downstream of the junction we observed a recombination signal sequence (RSS) resembling element (CACCATTATG-CATGCTGGATATCACACTGAACAAACACT). Using the RSS Project Data Base Search Program (http://host10.bioinfo3.servers.ifom-ieo-campus.it/rss/) that is based on the 'recombination information content' algorithm as described by Cowell et al. 28 this element was predicted to be a functional 23 base-pair spacer RSS.
In addition, SB analysis of cell lines DU.528, RPMI 8402 and TALL-104 detected monoallelic TCRD gene rearrangements, which have been shown earlier to represent translocations involving the genes TAL1, LMO1 and LMO2, respectively; 11, 29, 30 logically these TCRD gene translocations were not detected by the applied BIOMED-2 TCRD PCR analysis.
Identification of gene segments and junctional regions
Gene segment usage and junctional region composition of TCRB, TCRG and TCRD gene rearrangements are summarized in Supplementary Tables 1-3 (designated for website publication only).
Discussion
We studied a large group of 30 human well-defined T-cell lines in order to characterize the TCRB, TCRG and TCRD gene As the BIOMED-2 primers and PCR protocols are now widely used in routine clonality diagnostics, appropriate controls are required for quality control. We defined the configuration of the TCRB, TCRG and TCRD loci of the 29 positive cell lines, making them suitable as positive and negative controls in both multiplex and singleplex PCR assays. The exact sizes of the BIOMED-2 PCR products as presented in Table 2 are especially helpful in GeneScan experiments, in which PCR products are easily discriminated on basis of their size.
The cell lines are derived from different types of lymphoid malignancies, which represent the malignant counterparts of the different stages of lymphoid development. 32 Our study included 23 cell lines from immature (IM) T-cell malignancies and seven cell lines from mature (post-thymic) T-cell malignancies. Recently, Asnafi et al. 33 demonstrated that IM T-cell malignancies can be classified on basis of their TCR gene status, reflecting the different stages of early T-cell development. On basis of immunophenotypic and molecular data, we tried to classify the more IM T-cell lines according to the scheme proposed by Asnafi et al.: Table 1 ). The curious cell line DND-41 is TCRbd þ and can therefore not be classified according to this scheme. Remarkably, no IMd or IMg cell lines were found. Previously, it has been suggested that IM T-cell lines might be used as model system for early T-cell differentiation. 34 However, 18 of the 23 T-ALL/T-LBL-derived T-cell lines had a variable immunophenotype but a comparable TCR gene configuration, suggesting that these cell lines might not necessarily reflect T-cell development in all aspects. Nevertheless, the T-cell lines that carry known translocations might be used as model systems for further oncogenetic studies.
Cross-contamination of cell lines during long-term culture is a well-recognized problem and might have major impact on cancer research in general. 35 It is crucial in all cell-line experiments that the used cell-lines faithfully correspond to their original source. As human T-cell lines are established from T-cell malignancies or normal T-cells, 32 each cell line contains unique monoclonal TCR gene rearrangements. Molecular gene rearrangement analysis and additional sequencing is therefore an excellent tool for cell line authentication. The 29 positive cell lines analyzed in our study can now be easily identified on basis of their unique TCR gene rearrangement profile as provided in detail in Supplementary Tables 1-3 . We detected an identical TCR gene rearrangement profile in cell lines KE-37 and SKW-3. Cell lines Peer and Be13 showed identical TCRB, TCRG and TCRD gene rearrangements as well. This is in line with the findings of DSMZ investigators, who demonstrated by DNA fingerprinting that SKW-3 is a derivative of KE-37 and Be13 is derived from cell line Peer (DSMZ; www.dsmz.de).
The aim of this study was to evaluate the TCR gene rearrangement pattern of a large group of human T-cell lines in order to define appropriate positive controls for application of the BIOMED-2 multiplex PCR tubes in routine clonality diagnostics of T-cell proliferations. We calculated the exact oligonucleotide sizes of all clonal TCRB, TCRG and TCRD gene rearrangements and analyzed their junctional regions. Except for cell line DEL, unique clonal TCR gene rearrangements could be easily identified. Besides their usefulness in a diagnostic setting, authentication of these cell lines based on their TCR profile, enables their correct use in cancer research studies.
